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Mechanism of Clathrin-Mediated Endocytosis
Clathrin-mediated endocytosis begins with coat nucleation mediated by cargo and phosphatidylinositol(4,5)-bisphosphate, PI(4,5)P2. During this process, cargo mol-
ecules are clustered and concentrated within the emerging coated pit. After coat assembly and membrane invagination, which is facilitated by BAR domain-containing 
proteins, vesicle fission is catalyzed by the recruitment and helical assembly of the GTPase dynamin at the neck of the burgeoning vesicle. Membrane scission requires 
the cooperative activity of dynamin with SH3 domain-containing proteins, many of which possess BAR domains and regulate the actin cytoskeleton. Actin is required 
for endocytosis in yeast and may have a regulatory role in mammalian cells. The actin-associated motor proteins myosin 1E and myosin VI are linked to the endocytic 
machinery via dynamin or synaptojanin and Dab2, respectively. During vesicle uncoating, primary endocytic vesicles may acquire Rab5, a small GTPase involved 
in transport to early endosomes and in early endosome docking and fusion. Primary endocytic vesicles are targeted to and fuse with early endosomes expressing 
phosphatidylinositol(3)-phosphate, PI(3)P, in a process dependent on Rab5 effector proteins and early endosomal SNAREs. Differential sorting of cargo destined for 
recycling (requiring Rab11 and possibly Rab4) or for late endosome/lysosomal degradation (requiring Rab7) can occur at the level of clathrin-coated pits and be com-
pleted in early endosomal subdomains. Transport of cargo from early endosomes to the trans-Golgi network requires the retromer protein complex.
Pathways of Endocytosis
Endocytic pathways can be grouped according to their requirement for the self-polymerizing vesicle coat protein clathrin and the large GTPase dynamin. Large par-
ticles can be taken up by phagocytosis, whereas fluid uptake occurs by macropinocytosis. Clathrin- and dynamin-dependent endocytosis have been studied in detail. 
There are also many ill-defined pathways of clathrin-independent endocytosis that depend instead on the putative wedge-shaped scaffolding membrane protein 
caveolin or the wedge-shaped integral membrane protein flotillin. Some clathrin-independent pathways are also independent of dynamin. Some of these routes likely 
overlap in their molecular requirements and their cargo. Most internalized cargo are delivered to the early endosome via vesicular (clathrin- or caveolin-coated vesicles) 
or tubular intermediates called clathrin- and dynamin-independent carriers (CLICs) that are derived from the plasma membrane. Some pathways may first direct traf-
fic to intermediate compartments—such as the caveosome or glycosyl phosphatidylinositol-anchored protein-enriched early endosomal compartments (GEECs)—en 
route to the early endosome.
The AP-2/Clathrin Interactome
Clathrin-mediated endocytosis is initiated by the PI(4,5)P2- and cargo-dependent recruitment of assembly protein 2 (AP-2) to the plasma membrane. AP-2 is a hetero-
tetrameric adaptor complex that links various cargo to the clathrin coat, accessory proteins, and other adaptors. The phospholipid PI(4,5)P2 interacts with endocytic 
adaptors and dynamin, and is required for clathrin-mediated endocytosis at multiple stages. The ear domains of AP-2 serve as interaction hubs for the recruitment of 
accessory proteins, many of which have recently been shown to serve as cargo-specific adaptors (CLASPs, purple) for the internalization of select cargo membrane 
proteins. Other accessory proteins (green) function in the uncoating reaction immediately after dynamin-mediated fission of endocytic vesicles. The terminal domain 
of clathrin serves as a second protein-protein interaction hub that clusters AP-2 and accessory proteins into a clathrin-centered interaction network during clathrin 
coat assembly.
Glossary
Mechanism of Clathrin-Mediated Endocytosis
Abp1 (actin-binding protein 1), SH3 domain protein linking dynamin to the actin nucleating machinery
APPL1 (adaptor protein, phosphotyrosine interaction, PH domain- and leucine zipper-containing 1), Rab5- and phosphoinositide-binding adaptor protein defin-
ing a subpopulation of transient early endosomes that regulate growth factor signaling
Auxilin, J-domain protein that recruits Hsc70 for uncoating
β-Arrestin, cargo-specific clathrin/AP-2-binding adaptor that links GPCRs to endocytic machinery
Cortactin, binds dynamin via SH3 domain and recruits actin nucleating machinery
EEA1 (early endosomal antigen 1), PI(3)P-binding tethering protein on early endosomes recruited by Rab5-GTP
GAK/Auxilin2 (cyclin G-associated kinase; ubiquitous isoform of neuronal specific auxilin), J-domain protein that recruits Hsc70 to promote uncoating
Hsc70 (heat shock cognate 70), ATPase responsible for uncoating of clathrin coat
OCRL (oculocerebrorenal syndrome of Lowe), phosphatidyl-inositol 5-phosphatase, present at clathrin-coated pits, binds Rab5 effector APPL1 on early endosomes
Profilin, dynamin- and actin-binding protein
SNX9 (sorting nexin 9), BAR domain-containing membrane-bending protein that recruits dynamin during clathrin-dependent endocytosis
SPIN90 (SH3 protein interacting with Nck, 90 kDa), dynamin-binding SH3 domain protein that participates in synaptic vesicle recycling
Syndapin, BAR domain-containing membrane-bending protein that binds dynamin and N-WASP
TTP, dynamin-binding SH3 domain protein that specifically regulates transferrin receptor internalization
Tuba, BAR domain-containing multidomain scaffolding protein that links dynamin to the actin cytoskeleton
The AP-2/Clathrin Interactome
AAK1 (adaptor-associated kinase 1), phosphorylates AP-2µ to enhance affinity for tyrosine-based cargo motifs
Amphiphysin, BAR domain-containing membrane-bending protein that recruits dynamin to clathrin/AP-2 coats
AP180 (brain-specific adaptor protein of 180 kDa; CALM homolog in nonneuronal cells), accessory protein that recruits clathrin and AP-2; might regulate vesicle 
size; potential cargo-specific adaptor
ARH (autosomal recessive hypercholesterolemia), specific cargo adaptor linking LDLR to endocytic machinery and to PI(4,5)P2
CALM (clathrin assembly lymphoid myeloid leukemia protein; AP180 homolog), accessory protein that recruits clathrin; potential cargo-specific adaptor
Dab-2 (disabled 2), cargo-specific adaptor linking megalin and other LRPs to endocytic machinery
Rab11IP (Rab11-interacting protein), protein family that interacts with Rab11 and with AP-2
Hip1 (huntingtin-interacting protein), AP180/CALM-related accessory protein linking endocytic machinery to actin cytoskeleton; putative cargo-specific adaptor for 
internalization of AMPA-type glutamate receptors in brain
Hrb (HIV Rev-binding protein), specific adaptor protein linking SNARE Vamp7 to AP-2
Intersectin, multidomain scaffolding protein linking endocytic machinery to dynamin and actin nucleation stimulating factors
Endophilin, BAR domain-containing membrane-bending protein that recruits dynamin via SH3 domain
Eps15 (epidermal growth factor receptor pathway substrate 15), scaffolding and clustering protein with multiple clathrin and AP-2 binding sites and three Eps15-
homology (EH) domains
Epsin (Eps15-interacting protein), adaptor for ubiquitinated cargo and membrane bending protein that associates with Eps15-EH domains via NPF motifs
Necap (adaptin ear-binding coat-associated protein), accessory protein, potential adaptor for unidentified cargo
Numb, cargo-specific adaptor linking Notch receptor to endocytic machinery
PIPK1γ (phosphatidylinositol kinase type I γ), generates PIP2, activated by binding to AP-2-cargo complexes or adhesion protein talin
hRME-6, Rab5 guanine nucleotide exchange factor involved in uncoating, binds AP-2 ear by displacing AAK1 to allow Rab5 binding
Stonin 2, cargo-specific adaptor linking synaptotagmin to AP-2 in synaptic vesicle recycling
Synaptojanin, phosphatidylinositol-phosphatase, hydrolyses 5′ phosphate from PI(4,5)P2 to destabilize the clathrin coat
(continued on next page)382.e1 Cell 137, April 17, 2009 ©2009 Elsevier Inc. DOI 10.1016/j.cell.2009.04.012
SnapShot: Endocytic Trafficking
Marnix Wieffer,1 Tanja Maritzen,1 and Volker Haucke1,2
1Freie Universität and Charité University Medicine Berlin, 2Leibniz Institute of Molecular Pharmacology,  
Berlin, Germany
Abbreviations
Ab, antibody; AMPAR, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; Arf6, ADP ribosylation factor 6; BAR domain, Bin-Amphiphysin-Rvs 
domain; BDP, BAR domain-containing protein; CD4, cluster of differentiation 4; CLASP, clathrin-associated sorting protein; ClC-3/4/5, chloride channel 3/4/5; CtxB, 
cholera toxin B; EGFR, epidermal growth factor receptor; EV1, Echo virus; GABAR, gamma-aminobutyric acid receptor; GHR, growth hormone receptor; GPCR, G 
protein-coupled receptor; GPI-AP, glycosylphosphatidylinositol-anchored protein; GRAF1, GTPase regulator associated with focal adhesion kinase-1; GSL, glycosphin-
golipid; HIV-1 Nef, human immunodeficiency virus-1 negative factor; IgER, immunoglobulin E receptor; IL-2R, interleukin-2 receptor; Lamp-1, lysosomal-associated 
membrane protein 1; LDLR, low-density lipoprotein receptor; LRP, low-density lipoprotein receptor-related protein; MHC1, major histocompatibility complex 1; M6PR, 
mannose-6-phosphate receptor; Rab, Ras-related in brain; RhoA, Ras homolog gene family member A; SNARE, soluble N-ethylmaleimide-sensitive-factor attachment 
receptor; SV40, simian virus-40; TGN38, trans-Golgi-network 38; TfR, transferrin receptor; V-ATPase, vacuolar type ATPase; VacA, Helicobacter pylori vacuolating toxin 
A; Vamp7, vesicle-associated membrane protein 7
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